producing cells in draining lymphoid tissue of CCR6-/-mice. Taken together, our findings indicate that CCR6 is not required for induction of the adaptive antimycobacterial response, but is likely critical to airway compartment mobilization of TCR-␣ / ␤ +CCR6+ innate and adaptive effector T cells.
Introduction
By directing leukocyte migration, chemokine receptors are thought to be essential to mounting an effective antimicrobial response. One such receptor, cysteine-cysteinyl chemokine receptor 6 (CCR6), displays a high degree of genetic homology between mouse and human. Moreover, in both species it is chromosomally segregated from the main chemokine receptor gene cluster [1] [2] [3] . Studies using mutant CCR6 knock-in mice revealed that CCR6 is expressed by myeloid dendritic cells (DCs), mature B cells, subpopulations of memory/effector CD4+ and CD8+ T cells, but not plasmacytoid DCs or naïve T cells [4] .
CCR6 likely participates in both innate and adaptive phases of immune responses. It was initially purported to be important to DC migration [5] [6] [7] . Recently, however, CCR6+ DCs were demonstrated to participate in crosspriming of CD8+ T cells [8] and activation of gut pathogen-specific T cells [9] . It also reportedly contributes to other T cell-mediated functions such as Th17 migration [10] , CD4+ T cell-mediated, delayed-type, hypersensitivity-type, allergic and encephalitic T cell-mediated adaptive responses [11] .
In addition to the above, there is evidence that CCR6 may participate in foregut-derived organs such as the lung. For example, airway macrophages and epithelial cells produce its one known chemokine ligand, CCL20 [12] [13] [14] . In the human lung the CCR6-CCL20 axis has been implicated to play a role in innate immunity [13] , granulomatous conditions such as sarcoidosis [14] and asthma [15] . In view of a potential role in lung immunity, we hypothesized that CCR6 might participate in the response to mycobacteria, an important pulmonary pathogen. To this end, we employed CCR6 knockout mice to test participation of CCR6 in both innate and adaptive stages of the response to Mycobacterium bovis BCG infection. It was important to examine both response stages, since while an adaptive CD4+ Th1 response is required for optimal elimination of mycobacteria, it is well established that innate immune mechanisms participate in the early antimycobacterial response [16] . In particular, natural killer (NK), CD1d-restricted T (invariant NKT, iNKT) and TCR-␥ / ␦ + T cells are reported to retard early mycobacterial expansion [17] [18] [19] [20] . Such innate responses are thought to be important in preventing establishment of mycobacteria following low dose exposures.
Our study revealed that despite its purported role in DC function, CCR6 was not required for establishment of T cell-mediated adaptive immunity to M. bovis; however, CCR6 was required for optimal innate stage mycobacterial clearance. Absence of the receptor significantly compromised TCR-␣ / ␤ + T cells and profoundly reduced airway CD1d-restricted iNKT cells which have the innate capacity to recognize mycobacterial glycolipids [21] . In contrast, TCR-␥ / ␦ + T cells were unaffected. Our findings suggest CCR6-mediated airway mobilization of NKT cells is important to innate mycobacterial control.
Materials and Methods

Animals
CCR6 knockout mice (CCR6-/-) were generated as described and bred onto a C57BL/6 background [22] . Knockout status was confirmed by RT-PCR analysis. C57BL/6 (CCR6+/+) mice were obtained from Jackson Laboratory (Bar Harbor, Me., USA). CD90.1 (B6.PL-Thy1 ! a 1 /CyJ) C57BL/6 congenic and C57BL/6-Tg(TcraTcrb)425Cbn/J TCR transgenic (OT-II) mice were purchased from Jackson Laboratory. CD4+ T cells from the OT-II mice are specific for ovalbumin (OVA) peptide 323-339 (EKLTEWTSSNVMEER) in the context of I-Ab (26) . OT-II TCR transgenic mice expressing CD90.1 on C57BL/6 background were bred using male OT-II and female B6.PL-Thy1a/CyJ mice. Mice were maintained under specific pathogen-free conditions and provided with food and water ad libitum in a UCUCA-approved facility. All studies were approved by an institutional review board.
M. bovis BCG Strains and Colony-Forming Unit Determinations M. bovis BCG, Pasteur strain (Trudeau Institute, Saranac Lake, N.Y., USA) was propagated in liquid 7H9 medium supplemented with 0.5% glycerol, 10% oleic acid-albumin-dextrose-catalase (OADC) and 0.05% Tween 80. Organisms were harvested in mid-log growth phase, usually 16-20 days of culture at 37°C in a humidified 6% CO 2 atmosphere. BCG was stored at -80°C in PBS-glycerol (1: 1). Preparations were washed with PBS before in vivo administration.
Recombinant BCG-OVA was prepared using a construct containing the green fluorescent protein (GFP) gene driven by a mycobacterial Hsp60 promoter and carrying a kanamycin resistance gene, which was provided by Glenn Fennelly (Albert Einstein Yeshiva University, New York, N.Y., USA). OVA peptides recognized by the OT-I and OT-II TCR transgenic T cells were cloned by PCR into the C-terminal end of the GFP molecule using extended primers. The altered construct was checked by sequencing, then BCG Pasteur was transfected with the OVA peptide construct and selected in kanamycin-containing media. The transfected BCG were GFP positive and in in vitro splenic cultures both OT-I and OT-II cells were activated by the recombinant bacteria or bacterial lysates. Production of peptides was also confirmed by Western blotting. The course of BCG infection and the bacterial load determined by colony-forming units (CFU) were very similar in C57B6 mice infected with the wild-type or the recombinant GFP-OVA-BCG.
CFU were determined from serially diluted preparations distributed on Middlebrook 7H10 agar (100 mm) plates with OADC supplement. For lung CFU, whole lungs were homogenized in 20 ml of sterile PBS using a Waring blender. Plates were cultured at 37°C in a humidified 6% CO 2 atmosphere for 2-3 weeks.
M. bovis Infection
One million M. bovis BCG CFU were administered by intratracheal route. Briefly, mice were subjected to ketamine/xylazine anesthesia and then secured by soft restraint to an operating board to expose the neck. After iodine field disinfection, a 5 to 6 mm midline incision was made to expose the trachea. Using a 26G needle and syringe, mycobacteria suspended in a 20-l PBS were injected in the tracheal lumen followed by closure of the skin wound with 4-0 Softsilk sutures on a C-13 cutting needle. For recovery, mice were placed on a water-jacketed heating pad to maintain body temperature.
Cell Preparation and Flow Cytometry
Prior to lung excision, bronchoalveolar lavage (BAL) was performed by inserting 0.58-mm diameter polyethylene tubing (BD Biosciences, San Jose, Calif., USA) into the trachea and secured with 4-0 Softsilk suture material. Using a 3-way stopcock, 2 ml CCR6 in the Antimycobacterial Response volumes of cold RPMI 1640 (Sigma Aldrich, St. Louis, Mo., USA) were pushed by syringe into the lungs and subsequently withdrawn into a second syringe. Lungs were washed with a total of 10 ml of RPMI. BAL fluid was then placed in a 50-ml collection tube. After lavage, cell suspensions were prepared from enzymatically dispersed lungs as described [23] . Total cell yields were determined by standard hemocytometric counting.
Antibodies used included FITC-, PE-, PE-Cy5-, Pacific Blueand APC-conjugated anti-CCR6 (CD196, 29-2L17), CD4 (GK1.5), anti-CD8a (53-6.7), anti-TCR-␣ / ␤ (H57-597), anti-TCR-␥ / ␦ (UC7-13D5), anti-CD44 (IM7), anti-NK1.1 (PK136), anti-CD90.1 (HIS51) and anti-CD90.2 (53-2.1) (from BD Biosciences, eBioscience, San Diego, Calif., USA, or Biolegend, San Diego, Calif., USA). Isotype controls and anti-CD16/CD32 (2.4G2) were from eBioscience. After blocking with anti-CD16/CD32 for 5 min, cells were stained with fluorescence-labeled antibodies or isotype control antibodies in 2% FBS-PBS staining buffer for 25 min at 4 ° C. iNKT cells were identified using FITC-labeled tetramer (obtained from the NIH Tetramer Core Facility, Atlanta, Ga., USA) and further confirmed using commercially available PE-labeled CD1d tetramer (loaded and unloaded; ProImmune, Bradenton, Fla., USA). Briefly, 100 l of staining buffer and 0.5 l of either loaded or unloaded (control) tetramer was added to each anti-CD16/CD32 blocked sample then incubated for 30 min at 4 ° C. After washing, a second staining for additional surface markers was performed. NKT cells were defined as CD1tetramer+ TCR-␣ / ␤ + CD8-cells. A FACScan LSRII multicolor flow cytometer (BD Biosciences) with FlowJo software (Tree Star, Ashland, Oreg., USA) was used for data acquisition and analysis.
For cytokine determination, draining mediastinal lymph nodes were teased and then suspended in RPMI-supplemented medium (RPMI with 20 mM HEPES buffer, 10% fetal bovine serum, 100 U penicillin and 100 μg/ml streptomycin) at 5 ! 106 cells/ml. The cells were cultured in the presence or absence of 10 μg/ml M. bovis purified protein derivative and incubated at 37 ° C with 5% CO 2 for 48 h. Cell-free supernates were collected by centrifugation, then IFN-␥ and IL-17A levels were measured by commercially available ELISA reagents (R&D Systems, Minneapolis, Minn., USA).
In vivo Transgenic T Cell Proliferation
In vivo antigen presentation was detected using adoptive transfer of carboxyfluorescein succinimidyl ester (CFSE; Invitrogen, Carlsbad, Calif., USA) labeled CD4+ T cells from transgenic mice with OVA peptide-specific TCR (OT-II) as described [24] . CCR6+/+ and CCR6-/-mice were exposed to 1 million recombinant M. bovis BCG-OVA intratracheally and on day 8 received 5 million CFSE-labeled, CD4+, CD90.1+ OT-II transgenic T cells. On day 14, draining lymph nodes and spleens were subjected to flow-cytometric analysis.
RNA Purification and Real-Time RT-PCR Analysis
RNA was isolated, reverse transcribed and used for real-time PCR analyses as previously described [25] . Analysis of CCL20 transcripts was performed by real-time PCR using the ABI PRISM 7000 Sequence Detection System (Applied Biosystems, Foster City, Calif., USA) as previously described [26] . RNA sequencespecific primer probe sets for mouse CCL20 and the housekeeping gene GAPDH were obtained commercially (Applied Biosystems). The comparative threshold cycle method recommended by the manufacturer was adopted. GAPDH was used as the endogenous reference. The thermal cycling condition was programmed according to the manufacturer's instructions. Transcript levels were expressed as arbitrary units and were calculated as previously described [27] .
CCL20 Immunoassay
Mouse CCL20 was measured in aqueous lung extracts and BAL by ELISA using a commercially available kit (R&D Systems). Assay sensitivity was to 2-4 pg/ml. Aqueous extracts of lungs were prepared as previously described [26] . Levels of CCL20 were normalized to total extracted protein and expressed as picogram of chemokine per milligram lung protein.
Statistical Analysis
Student's t test was used for direct comparison to a parallel control group and one-way analysis of variance (ANOVA) for multigroup analyses. Values of p ! 0.05 were considered to indicate significance.
Results
CCL20 Transcripts Are Induced in Lungs following M. bovis BCG Infection
In contrast to virulent M. tuberculosis, which is uniformly fatal in most mouse strains, M. bovis BCG is an attenuated vaccine strain which is ultimately controlled even by highly immunocompromised mice. Thus, BCG provides a means to examine innate and adaptive antimycobacterial immune responses in mice. In addition, to eliciting multiple innate immune mechanisms in the early stages of pulmonary infection, BCG is known to elicit a highly polarized IFN-␥ -dominant adaptive response involving both CD4+ and CD8+ T cells. To determine the potential involvement of CCR6, we first assessed the temporal transcript expression of its one known chemokine agonist, CCL20, formerly known as liver-and activationregulated chemokine (LARC), in lungs after intratracheal BCG exposure of C57BL/6 mice. As shown in figure 1 , CCL20 transcripts were induced and reached a maximum by 1 week following infection. Transcript levels correlated well with protein expression in lungs ( fig. 1 , inset) . Thereafter, expression declined reaching baseline by 6 weeks. Thus, CCR6 agonist expression appeared prior to the onset of the adaptive response which is manifest after 2 weeks [28] .
CCR6 Knockout Mice Display an Early Bacterial Clearance Defect following M. bovis BCG Infection
As it appeared that BCG infection elicited CCR6 agonist expression in lungs, we next tested the effect of CCR6 knockout on the course of infection. Groups of control (CCR6+/+) and knockout (CCR6-/-) mice were infected intratracheally and then mycobacterial CFU were measured in lungs at designated intervals. Figure 2 shows that the day after infection control and knockout mice had equivalent levels of organisms in lungs. Thereafter, CCR6-/-displayed impaired early stage mycobacterial clearance with levels persisting over 2 weeks. However, by 8-12 weeks CCR6-/-mice had largely eliminated organisms similar to controls. Since the adaptive response to mycobacteria does not manifest in lungs until after 2 weeks [28] , this finding suggested that early innate resistance was impaired in CCR6-/-mice in the period prior to this time. However, impaired induction of adaptive immune cells could not be completely ruled out.
M. bovis BCG-Infected CCR6 Knockout Mice Display Reduced Airway Recruitment of TCR-␣ / ␤ T Cells with Profound Impairment of iNKT Cell Mobilization
To explore possible mechanisms for the impaired early control of mycobacteria in CCR6 mice we prepared BAL and dispersed lung cell suspensions from BCG-infected mice on days 4 and 8 after infection and performed flow cytometry to identify and quantify important T cell subpopulations in the airway and interstitial compartments. As shown in figure 3 , T cells overall appeared to increase in airways over the 8-day study period. However, CCR6-/-mice displayed 60% reductions in TCR-␣ / ␤ + T cells, whereas TCR-␥ / ␦ + T cells were unaffected. Using PBS57-loaded tetramer to identify the subpopulation of CD1d-restricted TCR-␣ / ␤ + cells known as iNKT cells, it was determined that this population was profoundly decreased with an over 90% reduction observed by day 8. This population is of particular significance, since they reportedly provide innate resistance to mycobacteria by their ability to recognize mycobacterial glycolipids [29, 30] . When this population was measured in the lung parenchyma no differences were observed between control and knockout mice ( fig. 3 ). This suggested that CCR6 was required for airway migration, but not parenchymal compartment localization of TCR-␣ / ␤ + T cells.
Lung Parenchymal TCR-␣ / ␤ + T Cells and iNKT Cells Express CCR6 in M. bovis BCG-Infected Mice
In order to determine the relationship of the TCR-␣ / ␤ T cell recruitment defect and CCR6 we assessed the expression CCR6 among lung T cells at day 7 of BCG infection by flow-cytometric analysis. CCR6 is known to be expressed by a number of leukocyte populations including T memory/effector cells. In addition, CCR6 has recently been described among iNKT cells in humans [31] and mice [32] . However, CCR6 expression has not been examined among iNKT cells during mycobacterial infection.
When assessing chemokine receptor expression it is critical to be aware of their dynamic nature as related to tissue compartment migration. Different chemokine receptors are thought to allow cell movement into different tissue subcompartments, with regulation of receptor expression upon ligand encounter. For example, in humans, CCR6 is downregulated on T cells upon ligand encounter and migration into lung airways [33] . As this might also occur in mice, we compared CCR6 expression in lung airway and parenchymal compartments by respective examination of cells in BAL and postlavage collagenase-dis- Figure 4 a shows an analysis 7 days after M. bovis BCG infection when CCR6 ligand expression is maximal. Notably, a CCR6+ bright population was identified in lung parenchyma which was composed predominantly (98.8 8 0.6%) of TCR-␣ / ␤ + cells. In airways, the CCR6+ population was lost or became weakly positive. Analysis of mean fluorescence intensity also indicated reduced CCR6 expression among the latter ( fig. 4 a) . This airway CCR6 dim population was composed predominantly (80.8 8 6.7%) of TCR-␣ / ␤ + cells. These were likewise CD44+ consistent with being effector/memory T cells (data not shown). Since knockout studies indicated CCR6 was required for optimal airway TCR-␣ / ␤ + cell recruitment, this finding suggested the receptor was downregulated among T cells as they encounter ligand during airway migration, agreeing with that reported for human airway T cells by Thomas et al. [33] . A detailed analysis of the CCR6+ lung parenchyma cells indicated, as noted above, that they were almost exclusively TCR-␣ / ␤ + T cells. In contrast, the CCR6 negative population included TCR-␣ / ␤ + and TCR-␥ / ␦ + T cells as well as non-T cells ( fig. 4 b) . The TCR-␣ / ␤ + population in the lung was 60 8 1.7% CD4+ and 37.5 8 1.7% CD8+. The CCR6+ TCR-␣ / ␤ + CD8-population included a small subpopulation (1.5 8 1.4%, n = 5) of CD1d-ligand tetramer binding cells consistent with iNKT cells ( fig. 4 b) . Taken together, these studies indicated that BCG-infected lungs harbored a population of CCR6+ TCR-␣ / ␤ + T cells which included CCR6+ iNKT cells.
CCR6 Knockout Mice Display Normal Induction of Adaptive T Cell Responses following M. bovis BCG Infection
Since CCR6 is purported to play a role in DC migration it was important to determine if it contributed to the early mycobacterial clearance defect due to impaired induction of the adaptive response. To this end, we examined possible effects of CCR6 knockout on antigen presentation and cytokine-producing capacity in pul monary draining lymph nodes. It has been previously demonstrated that unlike with soluble antigen the adaptive response to airway mycobacterial infection is delayed and not generated until 10-14 days after exposure [28] . Therefore, in order to assess infection-related Ag presentation in vivo, we utilized OVA-specific transgenic CD4+T cell (OT-II) transfer on day 7 after infection of CCR6-/-and control mice with a recombinant BCG strain synthesizing OVA peptide (rBCG-OVA). Subsequently, T cell proliferation was measured on day 14 in draining lymph nodes and spleens. As shown in figure 5 a, knockout mice displayed a similar degree of proliferation as controls with at least 4 daughter generations detected. Moreover, analysis of spleens showed that proliferation was limited to the lymph node, indicating the draining node was the main site of Ag presentation and effector cells had not yet substantially populated the periphery. Hence, the CCR6 knockout environment could support Ag-presentation and T cell proliferation with similar kinetics as control mice.
We also assessed the capacity of lymph nodes to produce IFN-␥ and IL-17 over the course of infection. These cytokines are thought to contribute to adaptive immune resistance to mycobacteria. As shown in figure 5 b, these cytokines were most dominant at the 2 week time point with subsequent decline consistent with the local generation of effector cells followed by redistribution to the periphery. Over the study period, CCR6-/-mice showed no significant differences from controls. Taken together with the T cell proliferation study, these findings indicated that CCR6-/-mice generated an adequate adaptive antimycobacterial response.
Discussion
M. tuberculosis infection is well recognized as a worldwide health threat affecting about a third of the human population with an infection-related death occurring every 10 s. Mycobacteria are known to be ingested by airway macrophages and are then carried into the lung interstitium where they further multiply if not eliminated. A spectrum of immune responses is mounted against this organism; however, it has evolved a variety of evasive countermeasures to avoid elimination. Among the latter, the organism has the capacity to delay the development of adaptive immunity. In spite of this, the exposure rate to M. tuberculosis exceeds the rate of sustained infection such that only 20% of exposures cause disease [34] . This observation is likely related to effective innate airway resistance which limits or prevents infection early after exposure. Therefore, understanding and augmenting innate resistance represents an important aim in efforts to prevent infection.
While the production of CCR6 ligand, CCL20, has been recognized in M. tuberculosis patients [35] , there is little knowledge regarding its role in the disease. The present study examined the contribution of the chemokine receptor, CCR6, to innate and adaptive responses to mycobacterial infection using a murine model of M. bovis BCG infection. Ligand expression for this receptor preceded the induction of the adaptive response achieving a maximum in lungs by 1 week after primary infection and thereafter declining. The pattern of induction suggested that the ligand was induced after airway exposure during the early pre-adaptive stage of infection and would be consistent with known production of this chemokine by airway epithelial cells [13] .
Using CCR6 knockout mice we established that this receptor was required for bacterial clearance in the preadaptive phase (0-2 weeks) and was needed for optimal airway recruitment of TCR-␣ / ␤ T cells which included a small subset of innate responsive NKT cells. The latter defect was likely responsible for the impaired innate stage clearance, as CD1-restricted or iNKT cells are known to promote mycobacterial resistance [36, 37] . They represent a specialized TCR-␣ / ␤ T cell subpopulation with the capacity for innate recognition of mycobacterial glycolipids [37] . While representing a small component of the TCR-␣ / ␤ T cell pool, iNKT cells behave like innate responders through their ability to directly recognize mycobacterial glycolipids. Hence, unlike conventional TCR-␣ / ␤ T cells which are TCR-MHC restricted, iNKT cells can respond broadly and rapidly to mycobacteria. It is noteworthy that humans with low circulating levels of NKT cells are more susceptible to tuberculosis infection [38] . Our findings point to CCR6 as a key mechanistic element of NKT cell-mediated resistance likely by providing cells access to the airway and potential contact with macrophages containing ingested bacteria [30] . Interestingly, CCR6 knockout mice showed no defect in airway recruitment of TCR-␥ / ␦ T cells which represent a specialized T cell population considered to be innate responders. These cells have long been known to be elicited following M. bovis BCG infection and have been implicated in conferring resistance, possibly at the level of granuloma formation [39, 40] . However, our results suggest that these cells contribute minimally to innate mycobacterial resistance at the airway level and reaffirm the critical role of TCR-␣ / ␤ T cells. Furthermore, analysis of CCR6 expression indicated that most TCR-␥ / ␦ T cells in BCG-infected mice did not express CCR6 and thus their migration was likely CCR6 independent.
In regard to adaptive immunity, CCR6 is expressed by a number of adaptive immune response-related cells including T cells, B cells and DCs [3] . Our analysis indicated that CCR6 was not required during the inductive stage of the adaptive T cell response with regard to antigen presentation, since transgenic T cells proliferated effectively in the CCR6 knockout environment. In addition, CCR6 knockout mice efficiently generated cytokine-producing cells in draining lymph nodes and effectively eliminated bacteria in the adaptive response phase. These findings were fully consistent with CCR6 being a postcognate T effector/memory cell chemokine receptor. CCR6 has been implicated in intestinal, skin and pulmonary T cell-mediated immune responses [41] [42] [43] [44] . Among effector T cells, CCR6 has been strongly associated with Th17 cells, but in disease conditions it is likely expressed by subpopulations of both IL-17-and IFN-␥ -producing T cells [10, 14, 45] . We identified CCR6+ T cells as a subpopulation of TCR-␣ / ␤ T cells in the lung interstitium by flow cytometry. The emerging picture is that CCR6 is utilized by a subpopulation of effector cells that migrate from interstitium to mucosal/epithelial surfaces, with ligand contact downregulating the receptor during the process [33] . CCR6 seems to be less involved in interstitial responses such as granuloma formation, which agrees with our observation that CCR6 was redundant for elimination of M. bovis BCG in the adaptive phase when invasive bacteria are removed from the lung interstitium.
Since generalized airway migration of TCR-␣ / ␤ T cells was impaired in CCR6 knockout mice, anamnestic antimycobacterial immunity mediated by mucosal CCR6+ T effector/memory cells might be predicted to be compromised at the airway level. Developing a vaccine that confers consistent long-term antimycobacterial immunity has been difficult to achieve. In clinical trials, subcutaneous administration of M. bovis BCG live vaccine has been only partially effective. This reduced efficacy could be related to the generation of T memory/ effector subpopulations that lack CCR6 and are unable to prevent infection at the mucosal surface. Designing approaches that selectively enhance CCR6+ iNKT and CCR6+ T effector/memory antimycobacterial responses might overcome this obstacle.
